We evaluated the efficacy and safety of oral immunotherapy (OIT) combined with 24 weeks of omalizumab (OMB) at inducing desensitization in children with cow's milk allergy (CM) compared with an untreated group. The present study was a prospective randomized controlled trial. Sixteen patients (age, 6-14 years) with high IgE levels to CM were enrolled in the present study. Patients were randomized 1:1 to receive OMB-OIT group or untreated group. The primary outcome was the induction of desensitization at 8 weeks after OMB was discontinued in OMB-OIT treated group and at 32 weeks after study entry. None of the 6 children in the untreated group developed desensitization to CM while all of the 10 children in the OIT-OMB treated group achieved desensitization (P < 0.001). A significantly decreased wheal diameter in response to a skin prick test using CM was found in the OMB-OIT treated group (P < 0.05). These data suggest that OIT combined with OMB using microwave heated CM may help to induce desensitization for children with high-risk CM allergy. This prospective randomized controlled trial was intended for 50 participants but was prematurely discontinued due to overwhelming superiority of OMB combined with microwave heated OIT over CM avoidance.
Study population. Eighteen patients were enrolled for eligibility and sixteen patients (age, 6-14 years) were randomized between November 2014 and May 2015. Registered patients ware also assessed between November 2014 and February 2016. No patient was withdrawn after the randomization from the study. Baseline characteristics of these subjects are shown in Table 1 . Significant differences were not observed between the two groups for any baseline characteristics (all given as median values): age (OMB-OIT treated group vs untreated group, 9.5 vs 9.5 years): asthma; other food allergies; history of anaphylaxis; history of atopic dermatitis; total IgE (1993 vs 1852 IU/mL); CM-sIgE (85 vs 60.9 kUA/L); casein sIgE (97.0 vs 52.3 kUA/L); β-lactoglobulin sIgE (16.2 vs 12.8 kUA/L); α-lactoalbumin sIgE (3.7 vs 2.0 kUA/L); skin prick test (SPT) response to fresh CM (wheal diameter, 11.3 vs 15 mm); SPT response to microwave heated CM (MH-CM) (wheal diameter, 12.5 vs 9.3 mm); SPT response to standard CM (wheal diameter, 11 vs 16 mm); histamine response (wheal diameter, 7.25 vs 7 mm); DBPCFC eliciting dose (successfully consumed dose (SCD), 43 vs 0 mg); open food challenge (OFC) using fresh Table 2 ). Also 7 of 10 OMB-OIT treated patients and none of untreated patients passed the OFC using 200 mL of fresh CM (P = 0.01136 , Table 2 ). In DBPCFC, SCD (median, 2080 mg; range, 2080-2080 mg) in the OMB-OIT treated group was significantly higher than that in the untreated group (0 mg; 0-130 mg) (P < 0.001) and no allergic symptom was noted in the OMB-OIT group compared with the untreated group (P < 0.001). In the OMB-OIT treated group, a significant high SCD for fresh CM (median, 200 mL; range, 60-200 mL) was found compared with that in the untreated group (0; 0-0) (P = 0.006), but no significant difference in the prevalence of allergic reactions in both groups was found.
Presence of Other Food Allergies

Immunologic responses and SPTs.
There was no significant difference in levels of total IgE, CM sIgE, casein sIgE, β-lactoglobulin sIgE, or α-lactoalbumin sIgE between the two groups at weeks 32. However, based on median value, the wheal diameter for fresh CM (9.8 mm; interquartile range, 9-11.1 mm), MH-CM (9; 7-9.4) and standard CM extract (8.5; 7-11.3) in response to the SPT in the OMB-OIT treated group was significantly smaller than that in fresh CM (13.5; 11-14.9), MH-CM (13; 11.8-13.9) and standard CM extract (13.3; 7.5-35) in response to the SPT in the untreated group (Table 3 ). In both groups, there was no significant difference in levels of total IgE or sIgE in response to CM, casein, β-lactoglobulin, or α-lactoalbumin (Table 3 ). In the OMB-OIT treated group, the wheal diameter in response to each SPT decreased gradually in a time-dependent manner (data not shown). A significant reduction in wheal diameter was noted at weeks 16, 24, and 32 compared with that at baseline for a standard SPT (data not shown). For SPTs to fresh CM and MH-CM, a significantly reduced wheal diameter was found at all stages (data not shown). In the untreated group, no significant change in wheal diameter was found at any stage from baseline (data not shown). Based on median values, the level for IgG1-CM (4186 BUg1/mL; interquartile range, 2956-5555 BUg1/mL), IgG1-casein (4420; 2822-5676), IgG1-β-lactoglobulin (1163; 662-1646), IgG2-CM (641 BUg2/mL; interquartile range 483-7937 BUg2/mL), IgG2-β-lactoglobulin (289; 186-341) and IgG4-β-lactoglobulin (110 BUg4/ mL; interquartile range, 58-252 BUg4/mL) in the OMB-OIT treated group was significantly higher than that for IgG1-CM (934 BUg1/mL; interquartile range, 580-1589 BUg1/mL), IgG1-casein (1199; 758-1861) and IgG1-β-lactoglobulin (146; 126-245), IgG2-CM (302 BUg2/mL; 231-457 BUg2/mL), IgG2-β-lactoglobulin (83; 80-132) and IgG4-β-lactoglobulin (50 BUg4/mL; interquartile range, 50-51 BUg4/mL) in the untreated group.
Dynamic changes in CM related allergens specific for IgG1, IgG2, IgG4 and IgA were observed during combination therapy, whereas those of allergens specific for IgG1-4 and IgA in the untreated group were not observed ( Tables 4 and 5 ). Serum levels of CM-related allergens specific for IgG2 and IgG4 increased gradually after the rush phase at week 12. Conversely, serum levels of CM-related allergens specific for IgG1 and IgA increased rapidly and significantly at the rush phase at week 12 and decrease gradually during the maintenance phase (Table 4 ). Table 6 shows the average frequencies of adverse reactions that occurred per dose in each patient at hospital or at home. In the escalation phase of OIT (at hospital), a total of 0.012 adverse reactions per dose per child occurred. According to Sampson's grading score 24 , there were 0.03 grade-1 adverse For treatment of these symptoms, 2 of 10 (20%) children and 4 of 10 children (40%) received medication at hospital and at home, respectively. Mean numbers of treatment per dose per child are shown in Table 3 . No epinephrine injections were given in either phase.
Safety data during OIT.
Anaphylactic shock and death induced by CM ingestion were not observed in either group during the study.
Patient characteristics. Characteristics of 10 children in the OMB-OIT treated group are described in detail in Table 7 . All children passed DBPCFC and 7 of 10 children tolerated 200 mL of fresh CM for the OFC. Levels of total IgE at baseline in 6 of 10 children were >1500 IU/mL. These 6 children passed DBPCFC, and 5 of the 6 children passed a 200 mL OFC. Surprisingly, 5 children who experiences anaphylactic shock (which is a life-threatening event) passed DBPCFC and 3 of these 5 children passed a 200 mL OFC.
Discussion
We planned this randomized study using the CM-avoidance group as a control group for two main reasons. First, the effect of OIT on CM allergy has not been demonstrated completely even though several OIT trials focusing on CM allergy [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] have been completed. Only 5 RCTs have been reported and the effect in those studies has not been demonstrated completely because they were small 25 . Second, several OIT studies [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] had problems regarding patient safety, and frequent severe adverse events during OIT occurred in cases of high-risk CM allergy. Before the beginning of our trial, we planned for 50 participants with high-risk CM allergy to be recruited (as mentioned at the 'study design' portion of the Methods section).
Several OITs for IgE-mediated CM allergy have been reported but, in the case of children with high sIgE levels due to CM, efficacy is quite low with frequent adverse events, even if desensitization is successful 16, 17 . Our previous study on CM allergy showed that desensitization was achieved only half for a year interval, and that children with sIgE >20 kUA/L to CM at study entry could not achieve desensitization and suffered frequent severe adverse events during OIT 17 . Compared with our previous study 17 , it should be noted that all children were desensitized with mild tolerable allergic events in the present study. Recently, Wood et al. in a randomized double-blind placebo-controlled study of OMB combined with OIT for CM allergy 23 , demonstrated significant improvements in safety but not in efficacy. They had a control group that underwent OIT without OMB treatment, but not a control group that had complete elimination of CM. In addition, they excluded patients who had experienced life-threatening events to CM/CM products 23 .
In contrast, the patients with those who experienced life-threatening anaphylaxis to CM/CM products were allocated into the OMB-OIT treated group in the present study: Five of 10 children who underwent treatment with OIT in combination with OMB experienced life-threatening anaphylaxis to CM/CM products. Although all patients who participated in our study were high-risk for anaphylaxis to CM, they are able to achieve desensitization.
In our study, severe adverse events were not observed even during the escalation phase. In terms of alleviating the adverse events during OIT the OMB-OIT treated group, we used MH-CM rather than fresh CM in the present study because: (i) MH-CM can be prepared very easily; (ii) microwave irradiation of CM has been shown to reduce the risk of allergic responses in a mouse model of allergy similar to that observed for conventional heating 26 ; (iii) microwave treatments cause peptic hydrolysis to occur quickly, as demonstrated in a murine model of allergy ex vivo 27 . Also, in our previous study 17 , 70% of children who underwent OIT using MH-CH could remain unresponsive in the escalation phase. As CM can be heated very easily and rapidly using microwave oven, and the effect of MH is similar to that of boiling for 30 min 26 , MH-CM is recommended for OIT in children with CM allergy to alleviate the adverse events and to achieve tolerance of CM for long periods. However, an RCT study comparing MH-CM and CM for OIT directly is needed. Thirty-two weeks after study entry, the wheal diameter in response to SPTs (three types of CM products) in the OMB-OIT treated group was significantly less than that in the untreated group. However, CM-related sIgE levels in the OMB-OIT treated group did not decrease significantly. In general, it is considered that the SPT provides an 'in vivo' procedure for measuring the reactivity of sIgE antibody-activated mast cells and basophils and in fact, rapid decrease in the number of mast cells and basophils in skin, as determined by SPTs, has been observed in immunotherapy for aeroallergens 28 and food allergens 6, 29 . Meanwhile, the half-life of IgE is 2 days while that of OMB, a humanized IgG antibody, is as long as 21 days. After administration, OMB binds with IgE antibodies, and the levels of various sIgE types including CM-related sIgE increase. Taken together, it appears that sIgE levels do not reflect desensitization in the OMB-OIT treated group and that the SPT is the only way to predict desensitization.
Collins and Jackson 30 suggested that early in the germinal center reaction, IgM+ B cells switch first to IgA, IgE and IgG3, then to IgG1 cells, followed by IgG2-committed cells and finally, upon continued exposure to the antigen, to IgG4-producing cells, which coincides with the arrangement sequence of the immunoglobulin heavy gene locus. Patients received high doses of an allergen repeatedly during OIT, so the remarkable changes in levels of IgG subclasses observed in the present study can be explained by a class switching pathway: μ → γ3 → γ1 → γ2 → γ4. We demonstrated that rush OIT using eggs induces this immunoglobulin class switching pathway, and that high serum levels of allergen-specific egg-related IgG1 after the rush phase of OIT are potentially suitable biomarkers for positive immune responsiveness to OIT 31 . Recent studies have shown that high levels of sIgE before OIT are less predictive of sustained unresponsiveness 17, 32 . OMB administration reduces the level of free IgE markedly, which causes a reduction in the number of Fcε receptors on antigen-presenting cells, mast cells and basophils 33 . This event may induce FoxP3-positive CD4 T regulatory cells 34, 35 . These cells produce suppressive cytokines such as TGF-β or Il-10. In general, high-affinity IgE is also generated through sequential class switching (μ → γ3 → γ1 → ε) 36 in allergic inflammatory states. Collectively, the success of this class switching (μ → γ3 → γ1 → γ2 → γ4) instead of sequential class switching (μ → γ3 → γ1 → ε) may be because OMB administration induces a reduction in the levels of free IgE, followed by a reduction in the number of Fcε receptors of these Th2-related cells. This action causes immunoglobulin class switching by repeated exposure to CM, and results in increased levels of IgG2 and IgG4. This change in class switching was observed in both specific casein and β-lactoglobulin in the present study. It would be need to elucidate whether this change will be due to only CM-OIT or combination CM-OIT and also whether the relevance of sustained unresponsiveness and increased level of IgG4 to CM is significant or not in future study.
Our study had several limitations. First, the study was randomized, but the placebo controls was not blinded and set as only the untreated group. However, 32 weeks after study entry, DBPCFC was done in both groups, which enable valuable statistical analyses. Second, multiple regression analyses were used to identify independent factors to predict tolerance and reactivity. However, the sample size was too small to ascertain if these factors were significant. Third, the OMB-OIT treated group and untreated group were not equivalent in terms of demographics. There was a trend in the OMB-OIT treated group towards increased numbers of entry children (10:6) and more males in the untreated group. A significantly reduced wheal size in the treatment group was obtained compared with that of the untreated group. However, this result may be not 'truly' significant because of selection bias: the groups were comparable at baseline but the control group appeared to have a larger SPT response to CM than the treatment group. Finally, the primary endpoint of our study was not sustained unresponsiveness, but only desensitization. We are planning a follow-up study of OMB-OIT using the 16 children mentioned above to investigate sustained unresponsiveness. Inclusion criteria were as follows: aged 6-15 years and persistent CM allergy, that was confirmed by 1) positive clinical history of anaphylaxis caused CM or CM products by last two years, 2) Sampson's symptoms score >grade 2 24 associated with below 10 mL in OFC using fresh CM, 3) positive DBPCFC to CM, 4) sIgE (CAP-Phadia, Uppsala, Sweden) level to CM >17.5 kUA/L), and 5) positive SPT response (wheal diameter ≥3 mm larger than that elicited by negative control). We ensured that families had adequate information regarding the study and understood the implications of participation. Signatures designating informed consent were obtained. Exclusion criteria were as follows: patients diagnosed as having acute severe illness, severe atopic dermatitis and uncontrolled asthma (baseline FEV 1 < 80% of predictive value) according to Japanese pediatric guideline for the treatment and management of bronchial asthm 37 .
Methods
Fifty participants were set as a goal before study entry. We were not able to calculate the number of participants as a goal setting by statistically means because study or data about OIT combination using OMB for CM allergy at study entry were lacking. Also 50 children with CM allergy wished to participate in our study.
Subjects were randomized 1:1 to receive OIT combined with OMB (OMB-OIT treated group) or complete elimination of CM/CM products (untreated group). Simple computerized randomization was carried out and allocation was by sequentially numbered, opaque sealed envelops by a hospital nurse. OMB doses in the OMB-OIT treated group were started according to a chart based on a formula provided by Genentech (San Francisco, CA, USA) within 1 week after the study entry. If the subjects had total IgE >1500 IU/mL, then they received an OMB dose of 1500 IU/mL/body weight. OMB treatment was for the first 24 weeks of the study at intervals of 2 weeks or 4 weeks. The escalation phase of OIT in the OMB-OIT treated group was started after the first 8 weeks of OMB treatment. Two series of CM challenge were carried out before the escalation phase using fresh CM and MH-CM to examine the starting doses in the escalation phase. All patients were admitted to Kansai Medical University Hospital. OIT was modified by adherence to our method described previously 17 . OIT comprised of escalation phase and maintenance phase. Patients had undergone the escalation phase followed by the maintenance phase. Daily dosing at home was continued until week 32 of the start of OMB administration. Then, DBPCFC and an OFC using fresh CM was done to desensitize for CM allergy. OMB administration was stopped 24 weeks from treatment commencement.
In the untreated group, complete elimination of CM was continued until week 32. Then, patients could undergo physical examination, blood tests and the skin prick test (SPT) every 8 weeks. Then, DBPCFC and an OFC using fresh CM were done. Food challenge. Clinical features of a reaction to CM were investigated via a DBPCFC and an OFC as described previously 17 . DBPCFC was conducted placebo (katakuriko, which is fine vegetable starch) or non-fat milk powder (Yotsuba Nyugyou, Sapporo, Japan), with cumulative doses of 6 g milk powder. DBPCFC was based on six doses (43, 87, 173, 347, 693, and 737 mg) of milk protein given at 15-min intervals. Six grams of katakuriko was divided into six doses.
The initial challenge dose of CM was set at 0.1 mL and subsequent doses were 0.2, 0.5, 1, 2, 5, 10, 20, and 50 mL every 30 min. We also used MH-CM for the OFC before OIT to define the initial dose of MH-CM OIT. Fresh CM was heated in a microwave oven at 550 W for 100 s and then cooled to room temperature before the OFC. The MH-CM food challenge was undertaken only with the OMB-OIT treated group immediately before the start of OIT. We also carried out the second OFC using fresh CM and MH-CM 8 weeks from the start of OMB treatment before the start of OIT to ascertain the initial dose of OIT.
DBPCFC and the OFC using fresh CM were done 32 weeks after study entry in both groups to confirm desensitization for CM allergy. In the OMB-OIT treated group, the initial dose of fresh CM was set at 15 mL, and then increased to 30, 60, and finally 95 mL (total dose, 200 mL) every 30 min. If the result of the CM-OFC was negative, the patient was defined as being desensitized to CM.
OIT. The OIT protocol was modified by an OIT protocol that has been reported previously 17 . OIT was done 8 weeks from the start of OMB treatment. The OIT protocol is comprised an escalation phase and maintenance phase.
Briefly, MH-CM was prepared in the same manner as the material administered for the OFC. The initial dose of OIT was set at a sub-threshold dose that was usually one-tenth of the threshold dose determined by the OFC using MH-CM. After the initial dose, the next and subsequent doses were increased approximately 1.5-fold until the threshold dose was reached. After reaching the threshold dose, the next and subsequent doses were increased approximately 1.2-fold. Subsequent doses were administered every 2 h up to four times in 1 day, or until an allergic reaction occurred. The target dose of CM was 200 mL of MH-CM. If there were no further increases in dose because of repeated adverse events, then, escalation of OIT using fresh CM was started after the highest tolerated dose was continued for 3 consecutive days without an allergic reaction. The initial dose of fresh CM was set at 50 mL, and the next and subsequent doses were increased approximately 1.2-fold. Subsequent doses were administered every 2 h up to four times in 1 day, or until an allergic reaction occurred. If the target dose (200 mL of fresh CM) was achieved, dose escalation was terminated and that dose was chosen as the maintenance phase (i.e., the patients were discharged and ingestion of the target dose was continued at home every day to maintain the effect of OIT in the maintenance phase).
After patients in the OMB-OIT treated group had undergone the escalation phase followed by the maintenance phase, OMB was discontinued 24 weeks from its start of administration. In order to ascertain whether the patients were desensitized to CM, DBPCFC and the OFC using fresh CM were undertaken 32 weeks after study entry both in the OIT-OMB treated group and untreated group.
